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GOAL OF THE TALK

Review of my work on industrial risks

� Problems

� Identi�cation of relevant features

� Statistical models

� (Potential) use of models to address problems
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WARNING

� Work by many people (including B.Sc. and Ph.D. students) over 1 0 years

� Combination of di�erent expertise

� Most problems originated by initial cooperation of companie s, especially
for B.Sc. dissertations

� Common work on some problems with companies' personnel for a whi le
(and appreciation for the work!)

� Very few projects lead to funding by companies (but con�dent w.r.t. at
least two current ones)

� A lot of fun, many papers (published and under preparation) an d little
money for research

� Di�culty in applying applicable research
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WHY A BAYESIAN APPROACH?

� My own expertise

� Philosophical reasons

� Often a lot of expertise and few data
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APPLICATIONS

� Gas escapes

� Failure of underground train doors

� Software reliability

� Cylinder liners wear in diesel ship engines

� Project management

� Telecommunications

� Storage systems

� Miscellanea
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GAS ESCAPE - PROBLEM

� Gas escapes rare events which might cause many casualties

� Proneness to escape depends on material and external con-
ditions

� Maintenance and replacement of riskier pipelines

� Optimal size of emergency squads

� Few data and literature
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GAS ESCAPE - FEATURES

� Material: EDA ) \old" cast-iron and steel

� 150 failures in 6 years for \old" cast-iron pipes and 53 in 30 ye ars for
steel pipes, each over a network of 300+ km

� External conditions for \old" cast-iron
EDA ) location, depth and diameter (two levels each)

� \Old" cast-iron pipes not subject to corrosion

� Steel pipes subject to corrosion

� Similarity between steel pipes installed in di�erent years

� Missing data for steel pipes: e.g. installation date, depth, diam eter, etc.
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GAS ESCAPE - CAST-IRON - MODEL

Pipelines not subject to corrosion

) Homogeneous Poisson process for each class

� Independent processes

{ Yi j � i � P ( � i t i ) ; i = 1 ; 8 t i known observation time

{ � ( � i j � i )

� Hierarchical model

{ Yi j � i � P ( � i t i ) ; i = 1 ; 8

{ � i j � � G ( �e X T
i � ; � )

{ � ( �; � ) or : : :

{ : : : � known and � via empirical Bayes
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GAS ESCAPE - CAST-IRON - ELICITATION

� Relevant covariates: diameter, location and depth (from EDA ). Their
combination ) 8 classes

� 26 experts (4 in designing the network, 8 in locating failures and 14 in
repairing pipes) asked about the 8 classes

� Questions like: Is class A equally likely as (slightly more likely than, clearly
more likely than) class B to have a gas escape in a given period?

� Opinion on probability of gas escape in each class obtained via Analytic
Hierarchy Process

� Gamma prior(s)/Lognormal prior(s)/Classes of priors
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GAS ESCAPE - MODEL USE

� Location: W (under walkway) or T (under tra�c)
� Diameter: S (small, < 125 mm) or L (large, � 125 mm)
� Depth: N (not deep, < 0.9 m) or D (deep , � 0.9 m)

Class MLE Bayes ( LN ) Bayes ( G) Hierarchical
TSN .177 .217 .231 .170
TSD .115 .102 .104 .160
TLN .131 .158 .143 .136
TLD .178 .092 .094 .142
WSN .072 .074 .075 .074
WSD .094 .082 .081 .085
WLN .066 .069 .066 .066
WLD .060 .049 .051 .064

Highest value; 2nd-4 th values

� Location is the most relevant covariate
� TLD: 3 failures along 2.8 Km but quite unlikely to fail accord ing to the

experts
� LN and G ) similar answers
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GAS ESCAPE - STEEL - MODEL
Pipelines subject to corrosion

) NHPP homogeneous in space and nonhomogeneous in time

� Independent processes for subnetworks of pipes installed in same y ear

{ Superposition Theorem ) NHPP again

{ Unknown installation dates and length of subnetworks

� Unique NHPP for all network

� Bayesian nonparametric model

{ Mean value function M ( t) of NHPP modelled by Gamma process,
conjugate w.r.t. NHPP

{ Bayesian estimator of M ( t ) and reliability function

{ Comparison via Bayes factor of a parametric NHPP with nonpara -
metric model centered at the NHPP
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GAS ESCAPE - MODEL USE
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GAS ESCAPE - MODEL USE

� Identify critical external conditions

� Suggest replacement policy

� Forecast future escapes

� Optimal decision about size of emergency squads
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UNDERGROUND TRAIN DOORS - PROBLEM

� Door failures of 40 trains, put on service from 6/4/1990 to
20/7/1992, observed up to 31/12/1998

� Check of actual vs. contract reliability before warranty's ex-
piration

� Costs of repairs after warranty's expiration are upon the
transportation company
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UNDERGROUND TRAIN DOORS - FEATURES

� Double measurement: time and km

� Cyclic behaviour
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UNDERGROUND TRAIN DOORS - MODEL

� Marked Poisson process on time scale � ( t ; � 1; � 2) = � ( g( t ); � 1) s( t ; � 2)

{ � ( k; � 1) = � 0
log(1+ � 1k)

(1+ � 1k)

{ s( t ; � 2) = exp f � cos( !t + ' ) g (periodic component)

{ Kilometers kjt � N ( g( t ) ; � 2)

{ E ( kjt ) = g( t ) = at + bt2 (function chosen after regression)

� Hierarchical model with g( t ) realisation of a Gamma process

{ [k j t ; g] =
Q n

i= 1 � g( t i ) ( �)

{ [t j g; � ] = NHPP f � ( g( t ); � 1) s( t ; � 2) g

{ g( t ) � G ( at; b)

{ � � � ( � )
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UNDERGROUND TRAIN DOORS - MODEL USE
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SOFTWARE RELIABILITY - PROBLEM and FEATURES

� De�nition: probability of failure-free operation of a comp uter
code for a speci�ed mission time in a speci�ed input envi-
ronment

� Bugs in software induce failures

� Fixing current bugs sometimes implies introduction of new
bugs

� Lack of knowledge about e�ects of bugs �xing

� Introduction of new bugs?
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SOFTWARE RELIABILITY - MODEL

� Hidden Markov model

{ X n interarrival time of n-th failure

{ Yn hidden reliability status at time of n-th failure

{ X n jYn = i � E ( � ( i ))

{ Transition matrix from Yn� 1 to Yn with rows pi = ( pi 1; : : : ; p im )

{ Independent � ( i ) � G ( � ( i ) ; � ( i ))

� Self-exciting process with latent variables

{ � ( t ) = � ( t ) +
P N ( t � )

j =1 Z j gj ( t � t j )

{ � ( t ): nonincreasing intensity ( bugs removal)

{ N ( t � ): # failures before t

{ Z j = 1 ; 0 ( introduction of new bug or not )

{ gj ( u) � 0 for u > 0 and 0 for u � 0
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SOFTWARE RELIABILITY - MODEL USE

� Musa System 1 data: 136 software failure times

� Hidden Markov model with 2 unknown states

Posterior Predictive Density of X[137]
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SOFTWARE RELIABILITY - MODEL USE
Time Series Plot of Failure Times
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CYLINDER LINERS WEAR - PROBLEM

� Marine diesel engines must have high levels of reliability and availability

� A costly maintenance programme (inspection, repair and repla cement) is
required and is performed on the basis of the current conditio ns of the
components rather than on the accumulated operating time

� Wearing of cylinder liners is a major factor in causing failur es in heavy-
duty diesel engines

� Liner replacement is generally carried out when the maximum wear of
the internal surface approaches a threshold imposed by warrant y clauses

� Costs for the ship owner:

{ Maintenance

{ Unavailability of the ship

{ Failures occurred when wear exceeds threshold
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CYLINDER LINERS WEAR - FEATURES
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� wear increment decreases as a function of wear

� tiny particles and corrosion lead to rather negligible wear incre ments

� large soot particles responsible for the most relevant wear increment s
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CYLINDER LINERS WEAR - MODEL

� Markov chain ( process ) induced by physical limitation of micrometer

{ W ( t) wear of the cylinder liner at time t

{ � w = 0 :05mm micrometer accuracy

{ X ( t ) state of liner at time t , i.e. X ( t ) = r; r = 0 ; 1; : : : ; ) W ( t ) = r � w

� Stochastic di�erential equation dT ( t ) = � T ( t � ) f �dt + �dB ( t ) + dJ ( t ) g

{ T ( t ) thickness of the wall

{ � drift and � volatility

{ B ( t ) Wiener process and J ( t ) jump process

� Cox process

{ Wt = kN t accumulated wear up to time t

{ N t a Cox process (doubly stochastic Poisson process), with another
process � t acting as intensity of N t
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CYLINDER LINERS WEAR - MODEL USE

� Forecast the behaviour of the wear process

� Develop a parsimonious, but e�cient, inspection policy whi ch
increases ships availability and prevents exceedance of th e
maximum allowed wear (costs due to any failure occurred
with a wear under such threshold are charged to the liner's
constructor, whereas the naval company pays o.w.)
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PROJECT MANAGEMENT - PROBLEM and FEATURES

� Project costs (for bidding purposes)

{ Construction costs

{ External risks

{ Bidding strategies

� Subcontractors' delivery times

� Activity scheduling

� Financial loss for the company

� Naive, but e�ective, procedures currently used in companies
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PROJECT MANAGEMENT - MODEL

� Construction internal costs

{ Dynamic (non)linear model

{ Di�erent expert's inputs

� External risks

{ Inference on event probabilities: independence, copulas, etc .

{ Inference about gravities: max, sum

� Bidding strategies

{ Search for equilibrium

� Subcontractors' delivery times

{ Dynamic linear model

� Activity scheduling

{ Posterior predictive quantiles for both activities and bu�e r
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PROJECT MANAGEMENT - MODEL

I Linear state-space model

8
<

:

ci j � i � N ( F
0

i � i ; Vi )
� i j � i � 1 � N ( G i � i � 1 ; W i )
� 0 � N ( m0; � 0)

II Standard error model
�

t i jci ; ai � N ( ci + ai ; � i )

III Standard autoregressive model

8
<

:

ai j � i � N ( � i ai � 1 ; � i )
� i j � i � 1 � N ( � i � 1 ; 
 i )
� 0 � N ( � 0 ; � 0)
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PROJECT MANAGEMENT - MODEL USE
� Forecasts of costs, delivery times and activities duration base d on formal

use of past data and expertise

� Optimal bidding strategies
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TELECOMMUNICATIONS - PROBLEM

� Behaviour of input tra�c in a network

� Balance costs between

{ lost tra�c

{ limited bu�er length

� Measure of Quality of Service of a network
) overow probability for constant channel capacity c

Q( u) = P
n

sup t � 0 [X ( t ) � ct] > u
o

X ( t), t > 0, Cumulative tra�c network
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TELECOMMUNICATIONS - FEATURES

Cumulative tra�c plot shows

� self-similar uctuations w.r.t. constant arrival rate

� possible long range dependence
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TELECOMMUNICATIONS - MODEL
Cumulative tra�c X ( t ) = �t + �Z ( t )

� � arrival rate

� Z ( t ) ; t � 0, Fractional Brownian Motion

{ Z ( t ) Gaussian process with stationary increments

{ Z (0) = 0 a.s.

{ E [Z ( t )] = 0 and E [Z ( t ) 2] = t2H for t > 0

{ Hurst parameter H 2 [1 =2; 1) and Z ( t ) Brownian motion for H = 1 =2

{ Self-similar: Z ( �t )
d

= � H Z ( t ) ; 8� > 0

{ E [Z ( t ) ; Z ( s)] = 1
2 ( t2H + s2H � j t � sj2H ) ; t; s � 0

{ Correlations between increments decrease slowly for H 2 (1 =2; 1)

� Q( u; H; �; � ) = P
�

sup t � 0 [X ( t ) � ct] > u
	

{ complex approximate formula for � < c
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TELECOMMUNICATIONS - MODEL USE

� Estimation of Q( u) = P
n

sup t � 0 [X ( t ) � ct] > u
o

� Estimation of Hurst parameter H

� Optimal choice of channel capacity c
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STORAGE SYSTEMS PERFORMANCE - PROBLEM
Storage systems in computers with heavy I/O workloads

� Design and performance evaluation

� Optimal size of storage systems in a company

{ cost of storage systems and handling

{ cost of failed I/O operations

� Actual disk usage measurements (e.g. length of transferred pack ets (in
bytes), read/write ag) di�cult and expensive

� Very di�cult tasks:

{ model to describe I/O

{ generation of traces (i.e. disk usage history)
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STORAGE SYSTEMS PERFORMANCE - FEATURES
Empirical studies show

� slow power-law decrease of the ACF ) long range dependence

� High, abrupt jumps ) burstiness

� Data dependent not only on the last jump ) no Markov models

� High jumps quite likely ) no Poisson models

� Data not strictly self-similar and nonnegative
) no fractional Brownian motion

� H changes over time ) multifractal
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STORAGE SYSTEMS PERFORMANCE - MODEL and USE

Multiplicative cascade based on Haar wavelet transform

� Number of transferred bytes in unit time as function value

� Function represented via a Haar wavelet basis

� Wavelet coe�cients at any level split (via Beta distributio n)
to get the ones at the next �ner level

� Parameter estimation

� Cheap generation of similar and larger data
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MISCELLANEA IN INDUSTRY AND BUSINESS

� Adhesion strength between two materials at nanonewton scale me asured
by AFM (atomic force microscopy) ) Wavelets

� Optimal number of beds in hospitals ) Queues

� Human and organisational factors in accidents in the maritim e industry
) Bayesian Belief Networks

� Calls to a call center ) Poisson process and latent variables for calls
unallocated to speci�c campaigns

� Accidents in the construction sector ) Poisson-gamma and dynamic
models

� Usability diagnosis of web pages based on time analysis of clickst ream
data ) Markov chain
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